ABSTRACT Vaccinia virus DNA, extracted from purified virus or from the cytoplasmic fraction of virus-infected cells very shortly after infection, was analyzed by sedimentation in alkaline and neutral sucrose gradients. The sedimentation properties of vaccinia DNA under denaturing conditions changed, immediately after penetration into the cell, from the characteristic circular viral DNA (crosslinked double-stranded linear DNA) to nicked circular DNA or to single-stranded molecules. This transition occurred at the time of uncoating of the virus and with a slight change in the DNA size, as judged by sedimentation in neutral sucrose. These results indicate that the crosslinks, that held the complementary strands of the genome together, are removed after penetration.
[3H]Thymidine labeled virus was prepared by addition of 0.5 ,Ci/ml of [3H~thymidine (specific activity 60 Ci/mol [Schwarz/Mann]) to the culture medium of infected cells from 1 to 5 hr after infection. At the end of this period, the isotope was removed and the cells were incubated with normal medium for an additional 18-20 hr . The cells were then harvested and the virus was purified by procedures involving freezing and thawing of the cells, and differential centrifugation, trypsin digestion, passage through discontinuous sucrose gradients and continuous density gradients of potassium tartrate for the extracts (11, 12) . Viral cores were prepared as previously described (5, 6) .
Infection of Cells by Virus Labeled with [3HjThymidine and Extraction of Viral DNA. To initiate synchronous infection, I added 10 plaque-forming units of 3H-labeled virus per cell to monolayer cultures growing in 10-mm petri dishes. Adsorption of the virus was allowed to proceed for 1 hr at 4°. Unadsorbed virus was removed by three repeated washes with medium. When necessary, hydroxyurea from Sigma was added in a concentration of 5 mM to monolayer cultures containing 107 cells (13) . At the time indicated in the data, the cells were scraped off the plates, washed with phosphate-buffered saline and resuspended in a solution containing 0.01 M Tris-HCl buffer, pH 7.8/1 mM MgCI2/10 mM KCI (TMK). The cell suspension was maintained for 10 min at 40 and then disrupted with a Dounce homogenizer. The cell homogenate was spun down at 800 X g for 3 min to sediment the nuclear fraction. The supernatant (cytoplasmic fraction), which contained 90% of the total [3H]thymidine radioactivity, was then adjusted to 0.1% sodium deoxycholate, 0.5% sodium dodecyl sulfate, and 100
,ug/ml of proteinase K (EM Laboratories, Inc.) was added; the mixture was incubated for 18 hr at 370. At the end of this period an equal volume of buffer-saturated phenol was added, the solution was mixed gently with a glass rod for 5 min at 370, and the mixture was centrifuged at 10,000 rpm for 30 IA) . These results are in agreement with data published by Geshelin and Berns (2) showing that the fast sedimenting material represents ss circular DNA of twice the molecular weight expected for the noncrosslinked complementary single strands of vaccinia DNA, while the slower sedimenting fraction consists of linear single strands of the same molecular weight of the faster material but with a single random nick. The proportion of these two DNA species varied in each experiment and these results suggested that one was derived from the other. In neutral sucrose gradients, vaccinia DNA sedimented as a broad peak at 67 S, identical to the marker T4 DNA of (120 X 106 daltons) (Fig. 1A) .
A similar sedimentation pattern under denaturing conditions was observed for viral DNA extracted from cells immediately after adsorption (Fig. 1B) . However, by 45 min after infection the sedimentation characteristics of parental DNA in alkaline. sucrose had changed (Fig. 1C) . Two sedimenting species could be observed, one rapidly sedimenting at 91 S (approximately 110 X 106 daltons), the other more slowly sedimenting at approximately 67 S (50-60 X 106 daltons) (14) . The proportion of these two species varied in each experiment. In the experiment represented in Fig. 1C (Fig. ID and E) . Table 1 summarizes the distribution of different DNA species as a Five micrograms (1000 cpm) of native or heat-denatured DNA, extracted from virions and cytoplasmic fractions at 0 and 120 min after infection, were incubated with 10 Ag of viral cores in 0.2 ml of a solution containing 0.1 M sodium acetate at pH 4.5, 0.5% Nonidet P-40, and 0.25% 2-mercaptoethanol. The reaction was allowed to proceed for 90 min at 370, and was stopped by addition of ice-cold perchloric acid to a final concentration of 0.5 M. The precipitates were centrifuged, and the radioactivity was measured in the acid-soluble fraction. * Number of experiments.
function of the time of infection. By 120 min, 90% of the viral DNA sedimented as 67 S. When hydroxyurea was added to the culture medium to prevent synthesis of progeny DNA, the parental DNA extracted after 2 hr of infection showed the same sedimentation characteristics as in Fig. 1E .
Even 2 hr after infection, only slight differences were observed when the parental DNA was sedimented in neutral sucrose gradients (Fig. 1B '-E') but, after 2 hr, the sedimentation characteristics in neutral sucrose indicated higher molecular weight components. These results, which are related to the onset of viral DNA replication, will be discussed in another communication (B. Pogo, manuscript in preparation).
Uncoating of Viral DNA. The uncoating of vaccinia DNA in infected cells occurs very shortly after penetration (15) . To find out how this process is temporarily related to the removal of crosslinks in the parental DNA, I determined the sensitivity of viral DNA in cytoplasmic fractions to exogenous DNase after cell infection. The results are summarized in Table 1 . After 45 min of infection, 20% of the viral DNA was uncoated, at 90 min 40% was uncoated, and at 120 min 56% was uncoated even in the presence of hydroxyurea. In these experiments, the maximum amount of uncoated DNA was 60% after 3 hr. It is concluded therefore that uncoating of the DNA and loss of the crosslinks occurred during the same period.
Susceptibility of Viral DNA to a ss Exonuclease. The changes in the sedimentation properties of vaccinia DNA after virus penetration were interpreted as removal of the crosslinks. However, the 67 S material could represent DNA molecules which have been broken and reduced to smaller components still containing the crosslinks. Structures of this kind will "snap back" to the duplex form after heat denaturation, and will not be completely digested by a ss exonuclease. To (5, 6) . The results of these experiments are summarized in Table 2 . As expected, the exonuclease did not attack the viral DNA in a ds configuration. When denatured viral DNA or DNA extracted from cytoplasmic fractions after virus adsorption was exposed to the exonuclease from the core, 25 and 29% of the radioactivity became acid soluble, respectively. By contrast, the DNA extracted after 2 hr of infection was completely hydrolyzed. These results clearly indicated that the DNA from virions and from cells after adsorption, in which some of the molecules were nicked (Fig. 1A and B) , contained crosslinks and were therefore partially digested by exonuclease. On the contrary, the DNA, extracted after 2 hr of infection, lacked crosslinks and was completely hydrolyzed by the enzyme.
Changes in Viral DNA Produced by the Virus Endonuclease. The changes in the sedimentation behavior of parental DNA after infection were interpreted as removal of crosslinks most probably by the action of an endonuclease. To substantiate this hypothesis, I used a soluble fraction obtained from cytoplasm of control and virus-infected cells as a source of such enzymatic activity. It has been shown (8, 9) that the virus-associated endonuclease active at pH 7.8 is released from the cores and can be detected in the soluble cytoplasmic fraction of infected cells. Native vaccinia DNA extracted from purified virions was incubated with the supernatant fraction of control and virus-infected cells for 1 hr at 370, and then the mixture was heat-denaturated and sedimented through alkaline sucrose gradients. Fig. 2A shows that two species of vaccinia DNA sedimented at 106 S and 91 S, as did the DNA incubated with supernatant of control cells (Fig. 2B) , whereas the DNA incubated with infected cell supernatant sedimented as one species at 67 S (Fig. 2C) . These results indicated that an enzymatic activity present in infected cells was able to remove the crosslinks of the viral DNA and thereby allowed separation of the complementary strands under denaturing conditions. No significant acid-soluble radioactivity was released from the DNA during this incubation.
In another experiment, the type of DNase activity present in the supernatant was studied. Although the incubation with Microbiology: Pogo Proc. Natl. Acad. Sci. USA 74 (1977) Table 3 . When ss or ds 3H-labeled DNA from B. subtilis was incubated with supernatant from control and infected cells at pH 4.5 and 7.8, I found that in the supernatant from control cells there was some detectable activity against ss or ds at either pH. By contrast, there was a considerable activity against ss at pH 7.8 in the supernatant from infected cells. When the products of degradation of this reaction were analyzed by DEAE-paper chromatography (16) it was established that they were mainly oligonucleotides (data not shown).
DISCUSSION
The results reported in this study indicated that the sedimentation properties of vaccinia DNA under denaturing conditions changed after penetration, from the characteristic circular DNA (106 S) or circular DNA with a nick (91 S) to ss molecules of the expected molecular weight (67 S). This transition occurring at the time of uncoating with a slight change in the size of the DNA, as judged by sedimentation in neutral sucrose, is interpreted as removal of crosslinks holding it together.
The elimination of crosslinks seems to be related to the pro- The results of the experiments in which native vaccinia DNA was incubated with supernatant obtained from control and virus-infected cells clearly indicated that the endonuclease present in the infected-cell supernatant was able to eliminate the crosslinks in the DNA. The absence of acid-soluble radioactivity after the incubation may suggest that few nucleotides have to be hydrolyzed to remove the crosslinks. Thus, it is worth emphasizing that only 5-10% of the total viral DNA is in ss form (B. Pogo, unpublished results) and these might be the sequences that the enzyme is able to recognize. The properties of this enzymatic activity present in infected cells are similar to those of the enzyme present in virus cores. Taken together these observations strongly suggest that the viral endonuclease is involved in the removal of crosslinks from the parental DNA after virus penetration.
The biological significance of crosslinks in DNA is not known. Naturally occurring crosslinks were found in SP82 bacteriophage (18) during T7 infection (19) and more recently in yeast DNA (20) . The participation of DNases in the elimination of crosslinks prior to replication also can be postulated in these systems.
